Kaurene synthetase B activity (conversion of copalyl pyrophosphate to ent-kaurene) is readily detectable in crude cell-free extracts of 3-to 4-day old dark-grown sunflower (Heliands annuas cv. Mammoth) seedlings, whereas little or no kaurene synthetase AB activity (conversion of geranylgeranyl pyrophosphate to ent-kaurene) can and B reactions are catalyzed by distinct separable proteins in kaurene synthetase preparations from the endosperm of Marah macrocarpus seeds; however, it was also shown that these two proteins normally interact during the overall production of kaurene from GGPP. GGPP is a precursor not only of kaurene but also of a host of other substances in higher plants including other cyclic diterpenes, tetraterpenes, and prenylated pigments such as chlorophyll. Enzymes utilizing such branch point metabolites as substrates have frequently been found to be important points of regulation in metabolism. For this reason, kaurene synthetase has been suggested as a possible key regulatory enzyme for gibberellin biosynthesis (15).
sunflower extract a dialyzable factor(s) that impedes its own B activity. There is little information to date on the nature of these inhibitory and stimulatory factors for kaurene synthetase activity or their possible roles in physiological regulation. The possible presence of such factors should be considered, however, when attempting to evaluate kaurene synthetase activities in extracts of vegetative plants.
and B reactions are catalyzed by distinct separable proteins in kaurene synthetase preparations from the endosperm of Marah macrocarpus seeds; however, it was also shown that these two proteins normally interact during the overall production of kaurene from GGPP. GGPP is a precursor not only of kaurene but also of a host of other substances in higher plants including other cyclic diterpenes, tetraterpenes, and prenylated pigments such as chlorophyll. Enzymes utilizing such branch point metabolites as substrates have frequently been found to be important points of regulation in metabolism. For this reason, kaurene synthetase has been suggested as a possible key regulatory enzyme for gibberellin biosynthesis (15) .
The levels of gibberellins in many plants are responsive to changes in such environmental factors as light flux, photoperiod, and temperature (9, 10) . The present study was undertaken to examine whether light exposures might influence kaurene synthetase A and/or B activities and the synthesis of the gibberellin precursor kaurene. Helianthus annuus plants were chosen as the experimental material for this investivation because relatively high levels of gibberellin-like substances that might play a role in phototropism of this species have been shown to occur in sunflower tissues (10) . The results of the preliminary investigations reported here illustrate some of the complexities and problems encountered in attempting to assess changes in the levels of kaurene synthetase activities in extracts of vegetative tissues of developing plants.
MATERIALS AND METHODS
Kaurene2 serves as a common precursor for ti family of plant growth regulators (8 Plant Growth. Sunflower (Helianthus annuus cv. Mammouth) seeds (Atlee Burpee Seed Co.) were dehusked and partially sterihe gibberelln lized in a solution of NaOCI (complete sterilization was not sisof kaurene achieved, even after 20 min of soaking in 1% NaOCl). The in which the 'sterilized' seeds were rinsed with sterilized H20 and sown on (12) as shown moist filter paper in culture dishes covered with plastic wrap. The dishes were kept in a dark rpom at a temperature of 25.4 ± 0.9°C. Growth periods varied between 3 and 4 d. 9 7 Illumnination. Where indicated, dark-grown seedlings in culture dishes were exposed to overhead fluorescent and incandescent light (about 1,500 lux) in a growth chamber held at 25 ± 1°C for 60 mi.
Enzyme Preparations from Sunflower Seedlings. Dark-grown KAURENE or light-exposed seedlings (shoots and roots) were plunged into ymekauree liquid N2. Ten g of frozen seedlings, 1 g of polyclar AT (PVP), 3yme kaurene and 25 ml of pH 7.7 buffer [composed of 100 mm Tris, 5 mM (3) that the A MgCl2, 0.1 mm EDTA, 20 mm 2-mercaptoethanol, and 2% glycerol (3)] were homogenized for 30 s in a Virtis blender at maximum DEB 77-22518 speed. The homogenate was filtered through cheesecloth and centrifuged at 37,000g for 15 min. The resultant supernatant s-isomer of ger-fraction, filtered through a layer of Miracloth (for removal of methylhexadec-lipids), served as the 'crude enzyme preparation'. In some cases, 3phosphate (en-enzymes were further purified by precipitation from such preparations with (NH4)2SO4 at 50o of saturation (0.353 g/ml). The resultant pellet was redissolved in a small volume of the Tris-HCl buffer described above and dialyzed overnight against two changes of this buffer to yield the (NH4)2SO4 precipitate fraction. All procedures were carried out at 0 to 40C. Enzyme Preparations from Marahmacrocwpus (Wild Cucumber) Endosperm. Crude enzyme preparations up to the stage of (NH4)2S04 precipitation were obtained according to procedures developed earlier in this laboratory (3, 5) . Liquid endosperm from young Marah seeds contains a significant amount of kaurene synthetase AB activity (3, 5) . The preparations used in the studies reported here contained activity of about 49 pmol min-' mg-' protein and B activity of about 37 pmol min-' mg-' protein as measured by the assays described below. The enzyme preparations retain these activities for at least 30 d when stored at liquid N2 temperature.
Assays for Kaurene Synthetase Activities. The kaurene synthetase activities measured were either overall AB activity (GGPP conversion to kaurene) or B activity (CPP conversion to kaurene). No attempt was made to measure A activity alone (GGPP conversion to CPP). The substrate for the AB assay was [ (pH 7.0). Incubations were for 1 h at 30°C. The extraction of kaurene, its separation by TLC, and the quantitation of kaurene produced from the radioactivity associated with the kaurene region ofthe plate were performed as previously described (3) except that the solvent system used for TLC was petroleum ether:benzene (7:3, v/v). A reference plate spotted with authentic kaurene was developed concurrently. The kaurene region was determined by spraying the reference plate with 10%1o (w/v) phosphomolybdate in methanol and heating for about 15 min at 100°C. The characteristic RF for kaurene, measured from the AgNO3 origin, was 0.42 ± 0.03. Kaurene was identified in these studies only from its coincidence with authentic kaurene in the TLC system. The diterpene hydrocarbon product in M. macrocarpus incubations has been rigorously identified previously as kaurene (7). The product from the H. annuus incubations is precisely coincident with authentic kaurene in this TLC system, which has been shown to resolve a number of closely related diterpene hydrocarbons Tris-HCl buffer equal to that of the supernatant); or (J) heated as in (c) and then separated into supernatant and pellet fractions as in (e), each of which was then dialyzed. The dialysis procedures were performed with membranes which are considered to permit passage of molecules up to 10,000 in mol wt. The sunflower preparation to be tested was introduced into an incubation mixture to which the Marah enzyme was also added, and the assay was performed as described earlier.
Protein Determinations. The protein content for each enzyme preparation was determined by the 'Bio-Rad protein assay' based on the method of Bradford (1) . Five ml of a 20o protein dye reagent (Bio-Rad Laboratories) in distilled H20 was added to enzyme preparations for measurement of A595 on a UV-VIS show a readily detectable kaurene synthetase B activity when incubated with CPP. However, no measurable levels of kaurene synthetase AB activity were detected in more than a dozen experimental trials when GGPP was supplied to these same extracts. In the assay for the A activity with GGPP as substrate, no radioactivity is present in the region to which the kaurene reference standard migrates. However, a large peak of radioactivity coincident with the kaurene reference standard is seen in the extract from the assay mixture with CPP as substrate. In a series of replicated experiments of this type, 2.9 ± 0.3 pmol/min and 3. Figure 1 for the inhibitory effects of heated extract were performed with suspensions of the heated extract without separating this precipitate. Figure 2 presents the results of tests of the supernatant fraction and resuspended pellet obtained after centrifugation of the heated extract, both with and without dialysis, on Marah AB activity. The pellet appears to retain more inhibitory factor(s) than the supernatant fraction. Dialyzed fractions showed less inhibitory activity, and when tested at low concentrations they actually gave a readily detectable stimulation of Marah AB activity. In fact, the dialyzed supematant fraction was stimulatory at all levels tested. Thus, it appears that crude sunflower extract contains, at least potentially, both inhibitory factor(s) and stimulatory factor(s) for Marah AB activity. Both heating and dialysis treatments reduce the inhibitory activity while either preserving, or perhaps generating, the stimulatory activity.
Several experiments were performed to compare the amounts of inhibitory activity for Marah AB enzyme in extracts of darkgrown and light-exposed sunflower seedlings (data not shown). A consistent trend toward less inhibitor in extracts of light-exposed seedlings was noted; however, analysis of these data failed to reveal any significant differences between the two types of extracts at the p = 0.05 level. by direct mixing experiments with Marah enzyme preparations more difficult to assess. However, heated sunflower extracts, which have no B activity but retain an appreciable amount of inhibitory activity for the Marah AB enzyme, were tested for their influence on the Marah B activity. There were no significant differences in the level of B activity expressed by 20, 50, or 100 ,l aliquots of Marah enzyme either in the presence or absence of 150 ,ul of heated sunflower seedling extract (data not shown). If an inhibitor of Marah B enzyme is prsent in the sunflower seedling extract, it does not survive the heat treatment.
In a different set of experiments, it was found that extended dialysis of both dark-grown and light-exposed sunflower extracts for 48 h results in a 2-to 3-fold increase in their own B activity (Table 1) . These results suggest the presence of a dialyzable factor(s) in the crude sunflower preparation that impedes its own B activity. Somewhat more of this dialyzable factor is present in extracts of light-exposed seedlings in comparison with dark-grown seedlings.
Detection of Kaurene Synthetase AB Activity in Extensively Dialyzed Sunflower Seedling Preparations. An enzyme preparation from dark-grown sunflower seedlings was dialyzed for 48 h against four changes of 1 L of buffer (instead of 24 h and 0.5 L of buffer used routinely in other experiments). A wide range of volumes of this dialyzed extract were tested for AB activity. Figure  3A shows the results of these tests in comparison with a similar examination of a control enzyme preparation of crude enzyme extract which was not subjected to dialysis. A very low level of AB activity (27 fmol min-m mg-' protein) was detected in the nondialyzed control at the lowest level of enzyme tested (5 1,l); no activity was seen with 10 or 20 ,lI of the control enzyme. The amount of kaurene detected from the AB assay of 5 ,tl of the extensively dialyzed enzyme preparation was also low (146 fmol min-' mg-protein), but this is 5.4 times higher than that seen with 5 til of nondialyzed enzyme. Again, no AB activity was seen with higher levels (10 or 20 ,ul) of the extensively dialyzed enzyme preparation.
These same sunflower seedling enzyme preparations were also tested for their effects on Marah AB enzyme (Fig. 3B) . The nondialyzed enzyme preparation displayed inhibitory properties for Marah AB enzyme at all levels tested (5-20 ,ul); however, the extensively dialyzed preparation was stimulatory for Marah AB enzyme at these concentrations (5-20 ,ul) with the largest stimulation seen at 20,ul.
DISCUSSION
The occurrence of B activity in the absence of or presence of only very low levels ofAB activity in cell-free extracts of a number of plant tissue has been reported. This is the case with extracts of etiolated and light-grown pea seedlings (13, 14) , spinach chloroplasts (13, 14) and suspension-cultured tomato and tobacco cells (16) . To this list can be added extracts of dark-grown and lightexposed sunflower seedlings. The reason for the absence of A activity in these preparations is unclear. From the physiological point of view, it seems surprising to find substantial levels of B activity in the absence of A activity since the only known source of CPP to serve as the substrate for the B enzyme results from the action of the A enzyme. It is possible that A enzyme present at earlier stages had been degraded in vivo before the extract was prepared. However, it seems more likely that A enzyme is present in vivo, but is either rapidly inactivated during preparation of the extract (as, for example, through the action of endogenous proteases) or is masked in the extracts by the presence of reversible or irreversible inhibitors.
The presence of potent inhibitory factor(s) for kaurene synthetase A activity in plant extracts has recently been reported by Gafni and Shechter (6 Either heating or dialysis of the sunflower extract leads to a decrease in inhibitory activity, and heating followed by dialysis removed more inhibitory activity than either treatment alone (Fig.  1) . This suggests the presence of at least two types of inhibitory factors. It seems unlikely that binding the substrate nonspecifically, thus making it unavailable for reaction, is a factor, since the heated sunflower extracts are not detrimental when included in assays with CPP as substrate. The demonstration of a low level of kaurene synthetase AB activity in incubation mixtures containing only a small volume of crude sunflower seedling extract (Fig. 3A) indicate that a latent A activity is present in these extracts, but is masked at higher concentrations of enzyme extract by the presence of a reversible inhibitor. The fact that an equivalent concentration of an enzyme extract that was extensively dialyzed to remove dissociable inhibitors shows almost 5 times higher AB activity is consistent with this interpretation. Like amounts ofextensively dialyzed sunflower extract not only fail to inhibit M. macrocarpus AB activity, but actually stimulate it (Fig. 3B) . This stimulation cannot be attributed to endogenous AB activity of the sunflower seedling extract which is of much lower magnitude than the observed stimulation. It is not possible at the present time to assess what the inherent AB activity of the sunflower extract might be in the absence of inhibitors.
The stimulation of M. macrocarpus AB activity by the presence of heated and dialyzed sunflower seedling extracts was unexpected. The greatest stimulations were seen with the extensively dialyzed extracts (Fig. 3B) . Crude sunflower seedling extracts may contain both inhibitory and stimulatory factors, but the stimulatory factor(s) are revealed only after the extracts are heated or dialyzed to lower the inhibitor concentration. The stimulatory factor(s) appear to be more resistant to heating and dialysis. Alternatively, the stimulatory substances may in some unknown manner be generated by the heating and dialysis treatments.
The in vivo physiological importance of these inhibitory and stimulatory factors for kaurene synthetase is difficult to evaluate at present. They may be factors in the natural regulation of the enzyme. On the other hand, they may normally be segregated from the kaurene synthetase in vivo by compartmentation and released for interaction with the enzyme only when cells are disrupted during the preparation of a cell-free extract. The presence of inhibitory factor(s) may help to explain why some plant extracts appear to be devoid of or have only low levels of AB activity. For example, Choinski and Moore (2) detected only very low AB activities during chloroplasts development in Pisum sativum shoot tips, although a characteristic and reproducible pattern of changes of activity as a function of development was discerned. Also, attempts in the present investigations to assess the effects of brief light exposure (1 h) before harvest on the kaurene synthetase activity in sunflower seedlings were complicated by the presence of these factors in the seedling extracts. Such studies of kaurene synthetase activity in plant development would be greatly facilitated by knowledge of the nature of the factors in cell extracts which can influence the activity of this enzyme and their subcellular compartmentation.
